The total harmonic distortion (THD) parameter is applied to oscillation experiments involving interfacial phases. The THD-value appears a suitable index which can be used for a quantitative estimation of the goodness of the linearity hypothesis, as assumed in the theoretical interpretation of the interfacial excitation-response behaviour. Example experimental results grant a validity domain of the linearity hypothesis and an amplitude-range tolerability for the external forcing excitation.
Introduction
Real interfacial systems actually manifest a nonlinear dynamic response, with memory, consequent to an external forced change of interfacial area.
From a general point of view, the behaviour of nonlinear systems with memory cannot easily be described in explicit theoretical terms. In practice, when the memory effect is negligible, the system behaviour is described in the time domain, by determining a nonlinear response/excitation characteristic relationship. On the opposite side, if the memory effect plays a significant role, the system nonlinearity is neglected and the dynamic behaviour is described in the frequency domain, by defining a transfer function of the system.
Limiting to appropriately-small disturbances of interfacial area, under not-far-from-equilibrium conditions, we showed that all interfacial transient or periodic processes can be represented by a linear time-invariant distributed-parameter dissipative system. Adopting such a theoretical model, we emphasised the conclusion that the surface dilational modulus is an intrinsic constitutive property of a liquid system which characterises the dynamics of adsorption layers, linking surface excitation and surface response. [1] [2] [3] [4] [5] The definition of the surface dilational modulus relies on the assumption that a linearity range actually exists for small disturbances of surface equilibrium, i.e., on the assumption that the response amplitude is proportional to the disturbance amplitude.
In this note, we propose the total harmonic distortion (THD) parameter, already well-established in other fields of engineering, as a suitable descriptor for the quantitative assessment of the linearity hypothesis, assumed in harmonic oscillation experiments involving interfacial properties of liquid systems.
To this aim, we first outline the Fourier analysis algorithms, relevant to the THD-parameter determination in the case of interfacial phases. Then, we present some representative example-results for available data of surface tension responses to imposed periodic changes of surface area, at the air-water interface.
The above-mentioned available data are the direct output results for oscillation experiments of a bubble interface, performed aboard an orbiting vehicle. Actually, the microgravity conditions allow interfacial phenomena to be studied with the greatest accuracy, bearing in mind several advantageous conditions such as the following: (a) the bulk transport processes are purely diffusive (i.e., the gravity-driven convection is absent), (b) the adsorption process takes place at a perfectly spherical interface, (c) the normal modes of oscillation are exclusively radial (i.e., prolate/oblate oscillation modes are not triggered).
Basic mathematical expressions and algorithms

Analytical and numerical Fourier analysis
In principle, a single cycle of a periodic phenomenon contains all the necessary physical information. In practice, in the harmonic oscillation experiments, the acquisition of data during a time interval longer than the single-oscillation period appears advantageous for convenient experimental redundancy as well as for verification of the transient or steady-state regime.
The Fourier analysis of the observed experimental results (namely, of interfacial tension and of interfacial area) is accomplished on the basis of the following mathematics.
From the general analytical expression of the expansion into a Fourier series for a periodic function :
where: We get the following numerical expression:
Here, the summation is performed over all points of all whole cycles included in a selected temporal interval. Re{G( f n )} and Im{G( f n )} are the real and the imaginary part of the complex transformed function, G, of frequency, f n . Moreover, g k is the value of interfacial tension (or area), D is the time interval between two consecutive points, f n is the frequency of the pre-selected known value (or estimated value) for fundamental (or higher order) harmonic. Finally, to obtain the correct amplitude value, the summation is divided by the number of cycles, Z cycl , and by half the period, T/2. Considering eqns. (4) and (5), we note that the numerical computation behaves as if the selected integer number of complete cycles is infinitely replicated as a function of time, giving rise to a periodical function. In this respect, eqns. (4) and (5) represent the coefficients of the Fourier series.
Furthermore, we also note that the Fourier coefficients are univocal, that is, they define a unique function.
Mean interfacial tension and mean interfacial area
At f n ¼ 0, eqns. (4) and (5) represent the mean value of the temporal sequence. Hence, in the present circumstances, we get the values of the mean interfacial tension and of the mean interfacial area, within the selected cycles.
Amplitude of harmonic oscillation
The amplitude, a, (that is, half the peak-to-peak value) of the fundamental harmonic oscillation (and of the higher order harmonics) for the interfacial tension and for the interfacial area are computed by the following expression:
We note that the amplitude value, as determined by eqn. (6), substantially coincides with the value obtained by fitting a sinusoidal function to the observed temporal sequence, just in case of a purely harmonic response. However, when the response contains several harmonics (i.e., the system is not linear), the least-squares fitting procedure may definitely result in meaningless amplitude and phase values.
Phase of interfacial response
Usually, in standard perturbation-response systems, the timeorigin is arbitrarily chosen on the perturbation signal. Thus, the phase value, F, for the interfacial tension is computed by the inverse tangent of the imaginary part/real part ratio:
For the higher order harmonics, the phase is not defined in the present framework. In practice the starting time for the determination of the Fourier-coefficients does not necessarily coincide with the instant of zero-phase for the sinusoidal area-perturbation. Then, eqn. (7) becomes
We note that a positive phase-difference value for the response, in respect to the perturbation, indicates that the response anticipates the perturbation.
Determination of the total harmonic distortion (THD) and of the total harmonic distortion with noise (THD + N)
The interfacial response to a given perturbation of interfacial area is often observed to be non-linear. An index of the nonharmonic contribution, occurring in the interfacial response, is expressed by the total harmonic distortion (THD), that is, the ratio of the higher harmonics amplitude to the amplitude at the measured fundamental frequency. Alternatively, THD can be expressed as the ratio of the higher harmonics power to the power at the fundamental frequency.
In the following equation, a 1 is the amplitude value at the fundamental frequency and a 2 , a 3 ,. . .,a n are amplitude values of the higher harmonics:
Thus, the THD index can easily be computed from the amplitude values at the fundamental frequency and at the higher order harmonic frequencies. THD is also expressed as a percentage of the fundamental-frequency amplitude.
For small-amplitude perturbations, the THD value becomes vanishingly small (linearity approximation). At constantamplitude perturbation, THD depends on the excitation frequency (frequency dispersion of THD).
Due to a multitude of sources, the measurement of the interfacial response is affected by discretisation and random errors, altogether denoted as noise.
The distinction between physically significant signal and aberrant noise usually demands the assumption of an appropriate model. Here, we assume that the interfacial response signal is completely constituted by the fundamental oscillation and by the subsequent higher harmonics, up the fifth order, while the remainder amount is noise.
The total harmonic distortion with noise (THD þ N) is the ratio of the higher harmonics power, plus the noise power, to the power of the measured fundamental frequency. THD þ N values will almost always be greater than the THD values for the same temporal sequence of data.
Experimental
Oscillating experiments at a fluid-fluid interface were performed by the EC2 cell of the FAST instrument (Facility for Adsorption and Surface Tension study), aboard the orbiting vehicle Columbia (OV-102), during the STS-107 scientific mission. The air/water interface was generated by withdrawing an air bubble, issuing from a capillary tip inside a liquid phase, by means of a piezo-actuator device in a closed cell (as illustrated in Fig. 1) . A CCD-camera and different sensors acquired, simultaneously, the values of the relevant physical quantities (namely, differential Laplace pressure, geometrical properties of the bubble, temperature).
A software routine, based on a piezo-image control loop, oscillated at different frequencies the bubble surface area, by imposing sinusoidal changes to the bubble height (i.e., to the distance between the bubble apex and the capillary tip).
The liquid phase was an aqueous solution of the surfactant n-dodecyl-dimethyl-phosphine oxide (C 12 DMPO).
Example results and discussion
Here, we present representative example results, for experiments in the low frequency range, illustrating the application of the THD-parameter to the field of fluid interfacial systems.
We have chosen bubble oscillation experiments at different amplitudes and frequencies for the C 12 DMPO solution, at concentration c ¼ 1.19 Â 10 À4 mol dm ). Table 1 reports THD-values for both the Dg-response oscillation and the surface-area excitation, DA, oscillation.
Moreover, in order to get a better understanding of the THD significance and a better perception of the data quality, table 1 also includes the Fourier components of the Dgresponse, as well as the signal-to-noise ratio and the THD þ N.
On inspection of Table 1 , one can easily recognise the advantage of quantitatively expressing the oscillation nonlinearity through a single index-number, i.e., through the THD value, which may be considered as a useful descriptor of the whole interfacial process. Substantially, the THD value embodies the amplitudes of all higher harmonics of the oscillation spectrum.
In practice, when devising the FAST experiments, the approximation of sinusoidally oscillating the bubble height was initially utilised for the sake of simplicity (anyway, a properly pre-distorted height-input function will provide a purely sinusoidal oscillation of surface area). Thus, as also seen in Table 1 , the forcing DA-function itself is not purely sinusoidal, as the input-output characteristic of the bubble height-area block is quadratic.
In principle, we may expect that the response reflects the nonlinearity of the excitation. In this concern, Fig. 2 visually presents a comparison between THD-values for the forced surface area excitation and the THD-values of the surface tension response, as a functions of frequency and of excitation amplitude.
Essentially, Fig. 2 shows that the linearity approximation remains acceptable in the range up to DA/A ¼ 10%, within experimental errors, as both DA-and Dg-THD values are almost constant and comparable. At DA/A ¼ 20%, we observe the dispersion of THD values, with a decreasing trend as a function of frequency. Then, the linearity approximation range increases at higher frequencies.
As a final remark, considering the amplitudes of the Fourier spectrum in Table 1 , we stress the importance of determining the surface dilational modulus by just taking the amplitude of the fundamental frequency, rather than the amplitude of the whole oscillation. In fact, this procedure circumvents the nonlinearity effects, in a wide range.
Conclusions
From the examination of the example results, obtained from the down-linked scientific data of FAST EC2 cell, the following conclusions can be made:
1. The application of the THD parameter is an advantageous global index, whose value allows a quantitative assessment of the linearity-hypothesis validity for the interfacial excitation-response behaviour.
2. The THD parameter can be used for defining a tolerability domain in the amplitude-frequency plane, fixing the limits where the nonlinearity of the interfacial system can be neglected.
3. Nonlinearity effects may be circumvented by selecting just the fundamental component of the oscillating interfacial property.
The statements given above are strictly only valid for the present geometrical configuration of the bubble, formed in a surfactant solution inside a completely filled sealed vessel, and for the overall experimental system under microgravity.
Certainly, a generalisation will require further experiments, operating with perfectly sinusoidal oscillations of surface area in an extended amplitude and frequency range. However, these conclusions may also be safely applied to different experimental configurations, such as in the case of greater or of smaller bubbles or drops (note that the scaling rule is linear within the macroscopic domain, i.e., at sizes s > 10 mm, because the response amplitude only depends on the ratio DA/A).
